The housekeeping (ubiquitously expressed) genes in the mammal genome were shown here to be on average slightly GC-richer than tissue-speci®c genes. Both housekeeping and tissue-speci®c genes occupy similar ranges of GC content, but the former tend to concentrate in the upper part of the range. In the human genome, tissue-speci®c genes show two maxima, GC-poor and GC-rich. The strictly tissue-speci®c human genes tend to concentrate in the GC-poor region; their distribution is left-skewed and thus reciprocal to the distribution of housekeeping genes. The intermediately tissuespeci®c genes show an intermediate GC content and the right-skewed distribution. Both in the human and mouse, genes speci®c for some tissues (e.g
INTRODUCTION
Genomes of warm-blooded vertebrates consist of regions differing in gene concentration and GC content (both of genes and intergenic spacers), called isochores [reviewed (1±4)]. The origin of gene-rich and GC-rich (heavy) isochores, which appeared lately in the evolution, is explained either in the neutralist sense as a result of mutation bias (5±9) or biased gene conversion (BGC) (10±15), or, in the selectionist interpretations, as an adaptation to elevated temperature (2, 16) or active gene transcription (17, 18) . Recently, the population genetics data based on the single-nucleotide polymorphism were reported which provided evidence against the mutation bias but still remained compatible both with the BGC and selectionist explanations (19±21).
The heavy isochores, constituting early replicated and less condensed chromatin, were initially supposed to harbor housekeeping genes, while the light (GC-poor) isochores were assumed to accommodate tissue-speci®c genes (22±25). However, the latter works arrived at the opposite conclusion (26, 27) . In other work, it was concluded that there is no difference in average GC content between narrowly expressed and widely expressed genes (28) . The earlier works (22±25) were either based on the limited data sets or used indirect methods for distinction between housekeeping and tissuespeci®c genes (analysis of association with CpG islands, features of 5¢ UTRs and the AUG start codon context). The latter studies (26, 27) used frequencies of ESTs sampled in different tissues for identi®cation of housekeeping versus tissue-speci®c genes, with the data set being >2000 human genes. Since there is a fundamental relation of transcription to recombination and gene conversion (29±36), the latter conclusion about housekeeping genes being preferentially accommodated in the GC-poor isochores contradicts the BGC explanation. In contrast to the most part of tissue-speci®c genes, the housekeeping genes should be actively transcribed in the germ line and thus have a higher probability of inheritable gene conversion (and thereby of elevation of GC content according to the BGC hypothesis). Besides its relevance to the BGC model, the problem of accommodation of housekeeping versus tissue-speci®c genes in particular isochores is important because the emergence of the isochoric structure is supposed to be an advanced trait of higher vertebrates and therefore might have had a functional meaning (17, 18) .
Here the GC content of housekeeping versus tissue-speci®c genes was studied with the much larger sets of human and mouse genes (>7000 and 6000 genes, respectively), using the data of oligonucleotide microarrays (with the same platform for all tissues of a given species), which are superior to the ESTs sampling with regards to standardization of detection of gene expression [reviewed in (37, 38) ].
MATERIALS AND METHODS
The data of oligonucleotide microarray experiments were extracted from the Gene Expression Atlas (39) . The uniform platform for the human was Af®metrix U95A and for the mouse Af®metrix U74A. Only probes which presented the characterized genes (with links to the RefSeq database) were used, with signal from probes corresponding to the same gene being averaged. This makes 7708 human and 6078 mouse genes. Gene sequences were extracted from the RefSeq database. Only data for normal tissues were used, the samples and replicates representing the same tissue were averaged. This makes 32 human and 45 mouse tissues. As was recommended by Su et al. (39) , a gene was regarded as expressed if its signal level exceeded a conservative threshold of 200 arbitrary units. The homology between human and mouse genes was established using the HomoloGene database (1791 homologous genes were found, all based on curated homology, i.e. not just automatic sequence matches). The homologous genes were used only in a special part of analysis (comparison of fractions of housekeeping genes in the mouse versus human), in all other analyses the total data sets were used. The statistical analyses were done with the Statgraphics (Statistical Graphics Co.) and Statistica (StatSoft, Inc.) software.
RESULTS

General picture
The bivariate distributions of GC content of third codon position (GC3) versus number of tissues where the gene is expressed are shown for the human and mouse in Figure 1 . A similar picture can be seen on the total GC content of coding sequence (CDS) versus tissue number distribution, but GC3 is a better indicator of the isochore where a given gene belongs (1, 4) . It can be seen that there are two`mountain ridges' (i.e., genes expressed in all tissues and genes expressed only in a few tissues) with a plateau between them that contains genes with an intermediate scope of expression. However, the peak of tissue-speci®c genes can be seen only in the total picture of genes expressed in all tissues pooled together ( Fig. 2A) . For each separate tissue, there is only a plateau (Fig. 2B) , with only a single exception of testis where the plateau is indeed ®nished by a small peak (Fig. 2C) . Consequently, the peak of tissue-speci®c genes seen in Figure 2A (and mountain ridge in Fig. 1 ) was formed by accumulation of strictly tissue-speci®c genes from all tissues. Thus, while the housekeeping genes constitute a comparatively clear-cut group, the tissue-speci®c genes in each separate tissue form a continuum with a gradually increasing degree of speci®city.
Both housekeeping and tissue-speci®c genes occupy the same range of GC content (Fig. 1) . However, while the housekeeping genes tend to concentrate in the upper part of this range, the tissue-speci®c genes in the human genome show two maxima, GC-poor and GC-rich (Fig. 1A) . In the strictly tissue-speci®c human genes, the GC-poor maximum is greater, therefore the overall distribution is right-skewed with regards to GC content and thus asymmetric to the left-skewed distribution of housekeeping genes (Fig. 3A) . The distribution of intermediately tissue-speci®c genes is left-skewed (Fig. 3B) . With the increase of tissue-speci®city, the mean and median GC content is decreasing (Fig. 3C ). In the mouse genome, the distribution is left-skewed for all types of genes ( Fig. 4A and  B) , but a similar decrease in the mean and median GC content with the increase of tissue-speci®city was observed (Fig. 4C) .
In the human, the weak positive correlation was found between GC content and gene expression level averaged for all tissues (and log-transformed): for GC3 (r = 0.20, P < 10 ±6 ) (Fig. 5A ), GC CDS (r = 0.20, P < 10 ±6 ), GC content of untranslated regions, 5¢UTR (r = 0.17, P < 10 ±6 ) and 3¢UTR (r = 0.18, P< 10 ±6 ), GC content of intronic sequence (r = 0.25, P < 10 ±6 ) and average GC content of adjacent intergenic sequences (r = 0.24, P < 10 ±6 ). The correlation coef®cient for intronic sequence is signi®cantly higher than for other parts of a gene (for difference, P < 0.01 at least). In the mouse (where intronic and intergenic sequences were not tested), the correlation was valid for GC3 (r = 0.11, P < 10 ±6 ) (Fig. 5B) , CDS (r = 0.10, P < 10 ±6 ), 5¢UTR (r = 0.08, P < 10 ±6 ) and 3¢UTR (r = 0.09, P < 10 ±6 ).
Genes speci®c for separate tissues
To investigate genes that are speci®c for separate tissues, the various cut-off values of a number of tissues where a given gene is expressed were tested. As was already noted, for each separate tissue there is no clear-cut peak of tissue-speci®c genes ( Fig. 3B ), which makes establishing the cut-off value an arbitrary procedure. The results with a cut-off value equal to one-quarter of a total number of tissues in a given data set are shown in Tables 1 and 2 . The results obtained with a lower number of tissues were similar but in the case of some tissues the number of tissue-speci®c genes was rather small, which would incur high statistical noise. The main result is that in certain tissues the tissue-speci®c genes are on average GC-richer than housekeeping genes, in others they have a similar GC content, while in others still they are GC-poorer (Tables 1 and 2 ). In both species, among tissues in which tissue-speci®c genes are GC-richer than housekeeping genes there are parts of the central nervous system, and among those in which tissue-speci®c genes are GC-poorer are germ-line tissues.
In >90% of separate human tissues, there is a weak positive correlation between gene GC3 and expression level in a given tissue (Table 1) . It is noteworthy that coef®cients of correlation are higher for GC3 as compared to GC CDS (P < 10 ±8 for pair-wise comparison), and for intronic GC as compared to GC3 (P < 0.01). The correlation between gene GC content and expression level is valid also for >85% of mouse tissues (Table 2) ; the coef®cients of correlation are also higher for GC3 as compared to GC CDS (P < 10 ±8 ).
Fractions of housekeeping genes in human versus mouse
The number of genes that are expressed in all tissues is higher in the mouse than in the human (885 versus 539), notwithstanding the fact that a lesser number of mouse genes (6078 versus 7708) and a greater number of mouse tissues (45 versus 32) were presented in the data sets. The fraction of housekeeping genes appeared to be 2-fold higher in the mouse as compared to the human (14.6 versus 7.0%, P < 10 ±8 ). A part of this difference can be (conservatively) explained by an assumption that a fraction of housekeeping genes is overrepresented in the mouse because of a smaller gene data set (if one assumes that housekeeping genes are on average better studied and therefore have a higher probability to be presented in the data set).
For more strict comparison, only homologous genes (n = 1791) and homologous tissues (n = 20) were taken (Fig. 6 ). With this data set, the fraction of housekeeping genes was still signi®cantly higher in the mouse than in the human Medians of GC3 of housekeeping, intermediately and strictly tissue-speci®c genes also differ signi®cantly (68.3, 63.1, 55.9%; Kruskall±Wallis, P < 10 ±12 ). Standardized skewness indicates that the distributions of housekeeping and intermediately tissue-speci®c genes are signi®-cantly right-skewed (±2.5, P < 0.01; and ±4.9, P < 10 ±4 , respectively), whereas the distribution of strictly tissue-speci®c genes is left-skewed (4.3, P < 10 ±4 ).
(16.4 versus 11.3%, P < 10 ±5 ). The spectrum of housekeeping genes was somewhat different in mouse as compared to human: there were 97 genes expressed in all tissues of both species, 106 genes expressed in all tissues of human but not mouse and 196 genes expressed in all tissues of mouse but not human. It is interesting that these groups of genes show a characteristic pattern of average GC content (Fig. 7) . Genes behaving as housekeeping in the human but not mouse (HS+MM±) do not differ in mean (and median) GC3 from genes behaving as housekeeping in both species (HS+MM+), whereas genes behaving as housekeeping in the mouse but not human (HS±MM+) are GC-poorer and do not differ from genes behaving as tissue-speci®c in both species (HS±MM±) (Fig. 7) . This pattern can be seen in the mouse genome as well, although the average difference between housekeeping and tissue-speci®c genes is lower here because of a lower GC3 of housekeeping genes (Fig. 8) .
In the human, tissue-speci®c genes are more diverse in GC content than housekeeping genes: coef®cients of variation of GC3 differ signi®cantly (27.1 versus 20.3%, P < 10 ±3 ). In the mouse, where peaks both of tissue-speci®c and housekeeping genes are narrower and unimodal ( Fig. 6A and B) , there is only a very small or no difference in coef®cients of variation (18.4 versus 16.8%, P < 0.2).
In the human, a gene from the homologous gene data set is expressed on average in 7.2 T 0.3 tissues (median = 4) from the homologous tissues data set, in the mouse, in 8.3 T 0.4 tissues (median = 5). This difference is statistically signi®cant (P < 10 ±4 both for means and in Mann±Whitney test for medians). On average, a HS±MM+ gene is expressed in less than half of human tissues (7.8 T 0.6, median = 5, interquartile range 2±15), which excludes the possibility that a lower fraction of human housekeeping genes was due to an underestimation of some low-expressed housekeeping genes just in a couple of tissues because of, for instance, some variation in experimental conditions. To the same argument, if instead of the conservative threshold of 200 arbitrary units, à liberal' 100-unit threshold was taken as a signal of gene expression, the fractions of genes apparently expressed in all tissues increased consistently in both species, preserving nearly the same difference (27.5 versus 19.5%, P < 10 ±7 ). It is noteworthy that in this case the pattern of mean (and median) GC3 for the four groups of genes (HS+MM+, HS+MM±, HS± MM+, HS±MM±) was still similar to Figures 7 and 8 (not shown).
DISCUSSION
The dichotomy of housekeeping versus tissue-speci®c genes, which is frequently featured in the literature, was visualized here by demonstration of the two clear-cut peaks (Figs 1 and  2A) . However, in between these peaks there is a considerable plateau of intermediately expressed genes. Furthermore, in each tissue taken separately there are only the peak of Standardized skewness indicates that all distributions are signi®cantly rightskewed (±4.3, P < 10 ±4 ; ±7.4, P < 10 ±4 ; and ±2.5, P < 0.05, respectively). housekeeping genes and the continuum of genes with a gradually increasing degree of tissue-speci®city, which is only very rarely ®nished by a tiny peak (Fig. 2B and C) . These observations suggest a certain modi®cation to the concept of housekeeping versus tissue-speci®c genes. The continuum of intermediately expressed genes, seen in the direction from the housekeeping to tissue-speci®c genes, probably re¯ects the path of cell differentiation: many tissues of a similar origin share the same genes with an intermediate speci®city, while tissue-speci®c genes sensu stricto are expressed only in a few related tissues. Besides, some tissue-speci®c genes may be characteristic for different, even unrelated tissues because of a multiple, independent use of the same protein (40) .
On average, the housekeeping genes are slightly GC-richer both in the human and mouse, which con®rms the conclusion of the earlier works (22±25) and contradicts the latter studies (26, 27) . This ®nding is in accordance with the BGC explanation for the elevated GC content in the heavy isochores of mammal genome. It is known that transcription is universally associated with (mitotic and meiotic) recombination and gene conversion (29±36). Up to a 20-fold increase of recombination and gene conversion rate was reported for actively transcribed genes (29) . Because housekeeping genes are transcribed in the germ line (in contrast to the most part of tissue-speci®c genes), they should be more prone to inheritable gene conversion. (Although mitotic recombination and gene conversion are relevant for somatic tissues as well, changes in the latter are not inheritable.) However, both in the human and mouse, genes speci®c for some tissues (e.g., parts of the central nervous system) have a higher average GC content than housekeeping genes (Tables 1 and 2 ). Since they are not transcribed in the germ line (in contrast to housekeeping genes), and therefore have a lower probability of inheritable gene conversion, this ®nding contradicts the BGC hypothesis. Moreover, genes speci®c for germ-line tissues (ovary, testes) show a low average GC content, which is also in contradiction to the BGC model. It is noteworthy that although recombination rate in the human genome was ®rst reported to positively correlate with GC content, the other, more signi®cant sequence parameters were found, and after correction for them the correlation with GC content became negative (41) . The authors concluded that "regions with the highest recombination rates tend to be those with high CpG fraction but low GC content and poly(A)/poly(T) fraction." (41, p. 244) . Thus, these data also seem to indicate against the BGC model.
Both for the total data set and for the most part of tissues taken separately, a positive correlation was found between Table 1 . The mean GC3 of tissue-speci®c human genes (expressed in a given tissue and in less than one-quarter of a total number of tissues), and coef®cients of correlation between parameters of gene GC content (GC CDS, GC3, intronic GC) and the log-transformed level of gene expression in a given tissue (averaged for all genes expressed in a given tissue) Mean GC3: >, higher than in housekeeping genes;~, not signi®cantly different; <, lower than in housekeeping genes. Correlation coef®cients: r b 0.09, P < 10 ±4 ; r b 0.07, P < 10 ±3 ; rb 0.06, P < 0.01; r b 0.05, P < 0.05; NS, not signi®cant. gene GC content and expression level both in the human and mouse, which is in accordance with the previous result on the rat and mouse obtained with very limited data sets of 100 and 200 genes, respectively, each on a single tissue (42) . It is important to note that correlation of expression level is stronger with GC3 than with GC CDS, and with intronic GC content than with GC3. This allows the exclusion of the possibility of artefactual correlation due to a (putatively) stronger hybridization of GC-rich probe. In the case of such an artefact, the coef®cients of correlation would increase in the opposite direction (because GC3 represents only a third part of Mean GC3: >, higher than in housekeeping genes;~, not signi®cantly different; <, lower than in housekeeping genes. Correlation coef®cients: r b 0.09, P < 10 ±4 ; r b 0.07, P < 10 ±3 ; r b 0.06, P < 0.01; r b 0.05, P < 0.05; NS, not signi®cant. the probe, while intronic sequence does not participate in hybridization at all). Thus, it is the isochore af®liation (re¯ected in GC3 and intronic GC) that matters for this correlation, not the hybridization strength. This correlation is rather weak but it should be taken into account that the concentration of genes is b20-fold higher in the heavy isochores than in the GC-poor regions (1, 43) . Thus, both the higher gene concentration and the higher expression of individual genes are to be multiplied in the overall transcription of GC-rich isochores. (Besides, we probably still have very rough estimates of gene expression levels, especially presuming its natural variance in the inducible genes. This variation can only reduce the correlation coef®cients. Therefore, the real correlation should be higher.) The selectionist hypotheses explain the emergence of GCrich isochores by adaptation to elevated temperature (2, 16) or by requirements of transcription (17, 18) . However, the absence of correlation between habitat temperature and GC content in prokaryotes and ectothermic (cold-blooded) vertebrates strongly undermines the`thermal' hypothesis (44±47). Furthermore, it was shown that with elevation of GC content, the thermostability and curvature of DNA molecule in genomes of warm-blooded vertebrates grew slower than in random sequences, whereas the bendability and ability to B-Z transition raised faster (17, 18) . The bendability is known to relate to open chromatin, and the ability to B-Z transition is closely associated with transcription (48±50). In contrast, the curvature is known to facilitate chromatin condensation (48,49,51±53) . Therefore, it was suggested that compositional heterogeneity of the genome arose in the higher vertebrates not as adaptation to elevated temperature but because of their advanced genomic organization, with physical properties of DNA in the gene-rich regions (heavy isochores) being optimized for active transcription and in the gene-poor regions (light isochores), for chromatin condensation (17, 18) . This is in agreement with the observation that in the interphase human nuclei, the gene-rich (GC-rich) chromosomal regions display a much more spread-out chromatin conformation as compared to the gene-poor (GC-poor) regions (54) . Recently, it was shown that the thermostability of corresponding RNA/DNA and RNA/RNA duplexes in mammal genomes is on average higher than in random sequences and is rising faster with elevation of GC content (55) , which also can be relevant to transcription. The data obtained here (the relation of gene GC content to expression level and tissue-speci®city) are in agreement with the functional interpretation of the isochoric structure of the genome. Besides relevance to physical properties of DNA molecule (bendability, B-Z transition and curvature), the functional signi®cance of the isochoric structure can be realized through DNA methylation, which is related both to gene expression and GC content. Thus, it is known that methylation of DNA suppresses gene expression (56) and is relatively lower in the GC-rich isochores (57) .
The comparison between human and mouse is also in accordance with the functional interpretation of the isochoric structure. The mouse has the less pronounced isochores (58± 62) and an apparently lower degree of tissue differentiation on the molecular level (re¯ected in the higher fraction of ubiquitously expressed genes found here). It is well recognized that vertebrate genes underwent multiple duplications both with regards to the whole genome (ancient polyploidization) and to the separate genes (63±65). As a result, most genes are presented in families containing multiple paralogs. The duplicate genes often appear to have subdivided the roles of their single-gene ancestors (66) . Therefore, it is possible that some paralogs, even performing the maintenance functions, became ®ne-tuned for separate tissues (at ®rst stage, even without a change in amino acid sequence, only by modi®ca-tion of gene regulation which can be related to isochore af®liation). Genes behaving as housekeeping in the human but not mouse (HS+MM±) have the same average GC3 as unconditionally housekeeping (HS+MM+) genes, whereas the HS±MM+ genes has a lower GC3, not differing from the unconditionally tissue-speci®c (HS±MM±) genes (Figs 7 and  8 ). This suggests that a distinction between housekeeping and tissue-speci®c genes deteriorated in the mouse, which resulted in an increase of the fraction of genes expressed in all tissues. This assumption is supported by the fact that the human/ mouse ratio of GC3 (for homologous genes) positively correlated with the human/mouse ratio of numbers of tissues where a given gene is expressed (Spearman r = 0.11, P < 10 ±4 ). These ®ndings are in accordance with the reports that mouse blastocysts show a retarded and lowered DNA de novo methylation (67) , and that mouse has a deteriorated isochoric structure (60±62).
The less pronounced isochoric structure of the mouse genome can be seen already from the comparison of previously mentioned coef®cients of variation of GC3 in the housekeeping and tissue-speci®c genes, both of which are higher in the human. The strictly tissue-speci®c human genes show a reciprocal to housekeeping gene distribution by GC3 (Fig. 3A and C) . There is no such reciprocity in the mouse genome, although tissue-speci®c genes are still slightly GC-poorer than housekeeping genes (Fig. 4) . Generally, the bivariate distribution of GC3 versus number of tissues shows a more simple`epigenetic (epigenomic) landscape' in the mouse as compared to the human (Fig. 6A and B) . This is in agreement with a more simple design of r-selected, shortliving rodents. In particular, they have less ef®cient systems of DNA repair (68, 69) .
